Pepino mosaic virus (PepMV), a potexvirus, was first described in 1980 from pepino (Solanum muricatum) in Peru. In 1999, it was identified for the first time in greenhouse-grown tomatoes in Europe. Subsequently, the virus was reported in North America. PepMV is becoming a serious threat to greenhouse grown tomatoes because the virus is easily spread by mechanical means and greenhouse tomato production provides ample opportunities for disease spread through cultivation and worker handling. The origin of virus sources in greenhouses, however, is still unknown. Although potexviruses are not considered seedborne, seed was suspected in these cases. Research experiments were undertaken to determine if PepMV, tomato strain can be seedborne and transmitted from seed derived from PepMVinfected plants. Routine seed health assays of seed samples, using biological, serological, and molecular methods for PepMV have produced positive results, suggesting that PepMV may be seedborne. However, a growout of over 5,000 tomato seedlings from a seed lot that consistently tested positive for PepMV by enzymelinked immunosorbent assay (ELISA) and bioassay did not result in any virus transmission. Further evaluation of germinating seeds from this lot, showed that PepMV was not present in the embryo, but instead concentrated in the seed coat. These results indicate that PepMV may be seedborne, but not easily transmitted to germinating tomato seedlings from virus-infested tomato seeds. More research is needed to confirm these results and determine the effect of the virus location on transmission of the virus. The possible implication of these findings on seed health assays is discussed.
INTRODUCTION
Pepino mosaic is an emerging disease for greenhouse tomato production. Pepino mosaic virus (PepMV) was first described in 1980 on pepino (Solanum muricatum) in Peru (Jones et al., 1980) . It was a relatively minor problem on pepino for almost 20 years until the first observation of the virus infecting greenhouse tomatoes in the Netherlands and the U.K. in 1999 ( Van der Vlugt et al., 2000) . The disease has now been reported to be widespread in much of Europe (Verhoeven et al., 2003) and North (French et al., 2001) and South America (Soler et al., 2002; this report) . Thus, PepMV has spread rapidly in a short amount of time and across several continents.
PepMV is a member of the genus Potexvirus in the family Potexviridae. Interestingly, various tomato isolates of PepMV from different geographic regions share very high genome sequence similarity (99-100%) (Aguilar et al., 2002; Cotillon et al., 2002; Mumford and Metcalfe, 2001 ), which suggests a close evolutionary relationship or maybe a common origin (Verhoeven et al., 2003) . Even the pepino isolate of PepMV shares a high nucleotide sequence identity (96-97%) with the tomato isolates. However, recent additional sequence data indicated greater sequence variability existing in other tomato isolates from the United States (US2, GenBank accession #AY509927) (MaroonLango et al., 2003) and Chile (K.S. Ling, unpublished data).
PepMV has a relatively narrow host range, infecting mainly the Solanaceous species. A recent survey in central and southern Peru for the natural occurrence of PepMV in Lycopersicon species showed that besides the natural hosts pepino (S. muricatum) and tomato (Lycopersicon esculentum), several wild Lycopersicon species (L. chilense, L. chmielewskii, L. parviflorum, and L. paruvianum) were also natural hosts of PepMV (Soler et al., 2002) . Even though natural infection of PepMV on potato has not yet been found, an artificial inoculation can produce severe virus infection on several potato cultivars (Jones et al., 1980) . Tomato plants affected by PepMV develop various symptoms depending on the variety, the plant age at infection, and the environmental conditions. In general, young plants develop yellow mosaic that may lead to bright yellow spots or patches, severe leaf distortion or blistering on older leaves. In some cases, the infected leaflets became narrower and more pointed, so that the growing point resembles a nettle-head. Mature fruits may show uneven ripening that resembles marbling. Yield loss up to 15% was reported in the U.K., but in other countries (Germany and the Netherlands) yield loss caused by PepMV was minimal, although marketable fruit quality was reduced.
In general, viruses in the Potexvirus genus are not considered seedborne. Because of the quick spread of PepMV worldwide, tomato seed was suspected as being a source of inoculum. Though the pepino isolate of PepMV (designated as PepMV-p) is not seedborne in pepino (Jones et al., 1980) , it is not known if the tomato isolate of PepMV (PepMV-t) can be seedborne in tomato seed and subsequently transmitted to seedlings. Research was undertaken to learn if the seed played a role in the spread of PepMV and in disease development in greenhouse grown tomatoes. The objectives of the current study were to evaluate the efficiency of virus transmission through mechanical inoculation and seedling growout with PepMV-infested seeds, to investigate the location of virus on tomato seeds, and to develop efficient and effective virus detection methods for seed health tests. Here we report our preliminary results showing that PepMV is a seedborne but probably not a seed-transmitted virus on tomato seeds and the implication of these findings to improve seed health tests.
MATERIALS AND METHODS

Virus Source
A new PepMV isolate, designated as PepMV-Chile, was isolated from a commercial hybrid tomato seed lot produced in Chile. Routine seed health assays of samples of this seed lot, using enymze-linked immunosorbent assay (ELISA), resulted in positive reactions for PepMV (OD405nm: 1.168-1.441), but no other seedborne tobamoviruses (tomato mosaic virus and tobacco mosaic virus). The virus isolate (designated as PepMV-Chile) was obtained through mechanical inoculation onto Nicotiana benthamiana and subsequently maintained on tomato plants (cv. EP7) in a growth chamber (20-28°C, 12-hour photoperiod) .
ELISA Test of Tomato Seeds for the Detection of PepMV
The standard test for detection of PepMV in tomato seeds has yet to be accepted by the International Seed Health Initiative (ISHI); therefore, a general procedure for testing other seedborne viruses, including tobamovirus, on tomato seeds was adapted. An ELISA test was used on 3,000 seeds per lot, in 12 replicates of 250 seeds. Each individual replicate of dried tomato seeds was ground to fine powder using a Homex 6 homogenizer (BioReba AG., Switzerland) and soaked 1:10 (w/v) in sample extraction buffer for 30-60 minutes at room temperature. To facilitate virus release to the buffer, samples were squeezed several times in a plastic sample bag during incubation. The source of antibody to PepMV used in this study was from Agdia (Elkhart, IN). A standard direct antibody sandwich ELISA test (DAS-ELISA) was conducted according to the instructions provided by the vendor for the preparation and incubation of the coating antibody, enzyme conjugate (alkaline phosphatase), and substrate (p-nitrophenyl phosphate tablets).
The absorbance values were taken 1 hour after addition of substrate at OD405nm in a Spectramax Plus384 (Molecular Devices Co., Sunnyvale, CA). A sample with a mean absorbance value of at least two times greater than that of the mean healthy control was considered a positive reaction.
Bioassay
To determine if viable PepMV was being detected in the ELISA positive seed sample, bioassays were conducted on indicator plants. To prepare tomato seed samples for bioassays on Nicotiana benthamiana or N. glutinosa, seed samples were processed as above but soaked in 1:10 (w/v) 0.1M phosphate buffered saline (PBS), pH 7.4. Cotton swabs were used to absorb a seed extract and to inoculate the virus by gently rubbing on carborundum-dusted leaf surfaces of a plant (3-5 leaf stage). The inoculated leaves were rinsed with water to wash off carborundum and to prevent excessive mechanical injury caused by rubbing. At least 12 individual plants were used for each sample (12 replicates). Additional plants were used for positive (PepMV-Chile) and negative controls. Inoculated plants were maintained in the greenhouse (20-24°C) and symptoms observed daily or until 21 days post-inoculation. Symptomatic plants were confirmed with an ELISA test to PepMV.
Seedling Growout Assay
For evaluating virus transmission, over 5,000 tomato seeds were planted in 10 trays and seedlings were grown under greenhouse conditions with temperature at 20-24°C, a relative humidity of 60-90%, and a minimum 12-hour photoperiod for 21 days. Seeds from this commercial hybrid tomato seed lot were highly positive for PepMV in the previous ELISA seed health assay (12 of 12 replicates tested were positive) and confirmed through mechanical inoculation onto N. benthamiana. A weekly fertilization with liquid fertilizer (N20-P20-K20) was applied. Seedlings were evaluated periodically for the presence of virus symptoms and suspected samples were confirmed with an ELISA test. After 3 weeks of growth, upper portions of seedlings were cut and a composite sample was made from each half tray of seedlings to make 20 individual samples for ELISA evaluation. A standard direct ELISA test was carried out according to the manufacturer's instructions (Agdia, Elkhart, IN) as specified above. A second ELISA test was carried out one week later with additional regrowth tissue as well as tissue from smaller seedlings.
Seedling Germination Assay
Infested tomato seeds from the same lot were germinated in Petri dishes on moist tissue paper under 20°C for 7-10 days. Approximately 3,000 seedlings in 12 replicates of approximately 250 seeds were germinated and embryos from germinated seedlings were carefully separated from the seed coat with a pair of forceps. A composite sample of each replicate was processed and analyzed by ELISA as specified above.
Fresh Seed Analysis
A ripe tomato fruit was harvested from an artificially inoculated plant with PepMV-Chile and seeds were extracted. To determine the tissue where PepMV was exactly located in infested tomato seeds, tissues with embryos, seed coats, membranes, and pulp were isolated separately. Care was taken to avoid cross contamination from fruit juice. ELISA was performed on the separated tissues as described above.
Evaluating N. benthamiana Seeds for Virus Transmission
To support our assumption that tomato seed coat (testa) structure was responsible for seedborne, we tested seeds harvested from PepMV-infected N. benthamiana for the presence of virus. Seeds freshly extracted from seed pods were collected from PepMVinfected plants and regarded as dirty seed. A clean-seed sample was prepared by washing seeds in sterile water with 3 changes. A healthy seed sample was harvested from a PepMV-free, healthy N. benthamiana. About 100 N. benthamiana seeds from each sample were ground to a fine powder with a mortar and pestle in sample extraction buffer and a standard DAS-ELISA was performed as described above for tomato seeds.
IC RT-PCR Confirmation
To improve virus detection on seed samples with a low level of PepMV infection, Immuno-Capture Reverse Transcription Polymerase Chain Reaction (IC RT-PCR) was performed to determine if sensitivity could be improved. Using degenerate Potexvirus primers, Mansilla et al. (2003) were able to amplify an IC RT-PCR product from PepMVinfected tissue. However, we were interested in using this technology for a broad detection of various isolates in tomato seed samples with specific primers to PepMV. IC RT-PCR in this study was conducted according to the procedure described by Ling et al. (2001) . Briefly, 50-100 μl diluted antibody to PepMV in the coating buffer (1 μg/ml) was loaded in 0.2 ml thin-wall polypropylene tubes for PCR and incubated at 37°C for 2 hours or overnight at 4°C. After washing with PBS-Tween buffer, seed or plant tissue extract, as prepared above for ELISA, was loaded into the antibody-coated tubes and incubated. After washing with PBS-Tween and a final rinse with sterile water, treated PCR tubes were loaded with 0.5 μl of 20 pM of each primer. Primer sequences were derived from Mumford and Metcalfe (2001) with new designations, KL04-01 (5'-CAC ACC AGA AGT GCT TAA AGC A) and KL04-02 (5' CTC TGA TTA AGT TTC GAG TG). After denaturation at 94°C for 5 min, an aliquot of SuperScript One-step RT-PCR for a long template (Invitrogen, Carlsbad, CA) was added. Reaction conditions in a thermalcycler MJ Research, Waltham, MA) were reverse transcription at 50°C for 30 min, denaturation at 94°C for 2 min, followed by 40 cycles of denaturation at 94°C for 30 seconds, annealing at 55°C for 1 min, and an extension at 72°C for 2 min, with a final extension at 72°C for 10 min. IC RT-PCR products were analyzed in a 1% agarose gel by electrophoresis and stained in a 0.5 μg/ml ethidium bromide solution. An image was captured after exposing the ethidium-bromide-stained gel on a transilluminator with a digital camera.
RESULTS AND DISCUSSION
Seedborne and Seed-Transmission Assays
A routine seed health test for PepMV was conducted using ELISA and a commercial testing kit. If a positive reaction by an ELISA test was observed in the seed sample, then a bioassay was necessary to confirm the presence of viable virus particles on seeds. Compared to N. glutinosa, N. bethamiania was determined to be a suitable bioassay host for PepMV. Using the seed sample that had been treated previously and determined by ELISA to be low positive (OD405nm: 0.184-0.268, with a healthy cutoff at 0.176) for PepMV in 5 of 12 replicates tested, none of 12 N. glutinosa plants inoculated with PepMV infested seed extract developed disease symptoms, in one experiment. On the other hand, 3 of 12 inoculated N. benthamiana plants generated virus infection with the same sample. This result indicated that viable virus can be seedborne and detected using N. bethamiania as a bioassay host.
In evaluating virus transmission in growout seedlings, untreated seeds from the same seed lot were used. The untreated seeds had previously been tested by ELISA to have high virus titers (OD405nm: 1.168-1.441) in 12 of 12 replicates tested. No symptoms of typical PepMV infection were observed on 5,000 growout tomato seedlings. The first ELISA test with tissue cut from 5,000 seedlings in 20 replicates did not show any positive reaction (OD405nm: 0.046-0.114, with a healthy cutoff at 0.148). The second ELISA test conducted one week later with additional stem tissues and smaller seedlings again was negative (OD405nm: 0.085-0.139, with a healthy cutoff at 0.198). This result suggested that PepMV was not seed-transmitted in this seed lot under the growing conditions described. However, repeated tests with additional seed lots are necessary in order to reach this conclusion.
Location of Virus on Tomato Seeds
Results from initial experiments in bioassay with indicator plants and in seedling growouts suggested that PepMV was indeed a seedborne potexvirus, but may not be transmitted to tomato seedlings without a mechanical means. More research and replication of the data is needed to confirm these findings. The location of the virus on the tomato seed may influence the ability of the virus to transmit to seedlings efficiently. Again, using the same highly PepMV-infested hybrid tomato seed lot, over 3,000 seeds were germinated. The germinated embryos were separated from the seed coat and evaluated separately by ELISA. A strong positive reaction was observed in the seed coat samples (OD405nm: 1.941-3.025), and a negative reaction was observed with the isolated embryos (OD405nm: 0.051-0.106). This result indicates that PepMV was located in the seed coats of this seed lot, but not in the embryos.
ELISA testing of fresh seeds, harvested from fruits obtained from an artificially inoculated tomato, also indicated that embryos may not be infected by PepMV (OD405nm: 0.084), but the seed coats, in this experiment, also had a relatively lower absorbance value (OD405nm: 0.250). Membrane (OD405nm: 1.040) and pulp (OD405nm:1.620) extracts from the fruit had high ELISA absorbent readings (Fig. 1) . These data suggest that seed may be contaminated with highly infected fruit tissue and that seed conditioning and disinfestation may reduce PepMV associated with the seed. In fact, in later experiments, N. benthamiana seed was harvested from PepMV-t infected plants and tested by ELISA. A strong positive ELISA reaction was obtained with pods (OD405nm: 3.460) and a weak positive reaction was obtained with seed tested immediately after removing from the pods (dirty seed, OD405nm: 1.900). ELISA results on seed that was rinsed with only water showed no evidence of PepMV-t (cleaned-seed, OD405nm: 0.038) (Fig. 2) . However, verifying the usefulness of seed disinfestants to reduce the level of PepMV in seed lots requires substantially more research to determine treatment efficacy.
Improving Seed Health Test Program
A standard seed health testing program for a seed borne virus, e.g. tobacco mosaic virus, or tomato mosaic virus, is usually comprised of a standard ELISA followed with a bioassay on a local lesion host to confirm the virus infectivity through mechanical inoculation on indicator plants. These same procedures have been adopted for the detection of PepMV in seed samples by many seed testing laboratories. For ELISA tests, sensitivity of the antibody used in the ELISA testing kit is the key to successfully detecting low levels of virus infection in seed samples. Confirmation of ELISA results using bioassay on N. benthamiana essentially determines the virus viability and transmission rate. On the other hand, sensitivity of a bioassay must also be considered in the seed health testing program. In these experiments, only between 25-67% of ELISA positive samples developed a virus infection when inoculated onto N. benthamiana. Therefore, for bioassay to be meaningful, multiple plants (12 plants e.g.) need to be inoculated for a seed lot. This requirement demands time and greenhouse space to care for the indicator plants.
Although ELISA, coupled with bioassay procedures, normally gives a good estimate of PepMV infestation in seed samples, a more sensitive and efficient test may be necessary. Immuno-capture RT-PCR (IMS RT-PCR) may greatly improve the sensitivity of the test. Because the whole process was performed in a single tube the procedure may be more efficient and potential cross contamination may be avoided. The process combines the convenience of ELISA sample preparation in the first portion of the test followed with RT-PCR in the same tube. An 846bp RT-PCR product covering the coat protein gene in the 3' terminal genome region was obtained (Fig. 3) .
CONCLUSIONS
Data from these preliminary experiments indicated that PepMV was seedborne (on the seed) but may not be efficiently seed transmitted. Testing of more seed samples and replication of these results are needed to confirm these results. In general, potexviruses are not known to be seed transmitted. As PepMV may not be present in the embryo but on the surface of seed, the seed coat (testa) or the gelatinous membrane, an effective seed treatment method may be possible. . Absorbance values obtained from an ELISA on seed and seed pods collected from a PepMV-infected Nicotiana benthamiana plant. The cut-off value for a positive sample was set at 0.100. Fig. 3 . IC RT-PCR amplified products (846 bp) analyzed through electrophoresis on an agarose gel. The left lane was a DNA marker, the right two lanes were generated from PepMV infested tomato seed samples.
